Abstract. The effectiveness of detected quantitative trait loci (QTLs) and molecular markers associated with them in tree fruit breeding is measured by the percentages of the variance associated with detected QTL effects accounting for not phenotypic variance, but genetic variance of the trait. The genetic variance can be obtained by subtracting environmental variance from the phenotypic variance. Once accurate environmental variance components are obtained for a given selection field, environmental variances under any number of replications and measurement repetitions can be estimated. We estimated environmental variance components of fruit ripening date measured by days in a Japanese pear (Pyrus pyrifolia Nakai) breeding field in the National Institute of Fruit Tree Science, Tsukuba, Ibaraki, Japan. We estimated variance among fruits within a tree (s f 2 ) as 25.6, among trees within a genotype (s t 2 ) as 0.2, among years (s y 2 ) as 9.4, associated with genotype · year interaction (s gy 2 ) as 7.9, and associated with tree · year interaction (s ty 2 ) as 1.2. Because s f 2 was the largest environmental variance component, increasing the number of fruit evaluated would most effectively reduce the environmental variance, and tree replication would not because of very small s t 2 and s ty 2 . The 95% confidence limit of a genotypic value was ± 10 days in the evaluation of five fruits on a single tree in a year and ± 7 days over 2 years. Broad-sense heritability in a family, each offspring in which was evaluated using five fruits on a single tree in a single year, was estimated at 0.83 for three full-sib families analyzed.
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In plant breeding, many seedlings must be tested to increase the chance of obtaining desirable genotypes. The number of seedlings used in tree fruit breeding is more restricted than in annual crop breeding because fruit trees are large and slow-growing. The success rate and cost are almost directly related to the space the trees occupy and for how long (Hansche, 1983) .
The establishment of molecular markers of a fruit trait to identify the genotype of offspring for a fruit trait at the seedling stage without having to wait 3 to 5 years for the plant to fruit offers a tremendous advantage and saving in time, space, and money. Even for characters evaluated using vegetative organs such as disease resistance, the phenotypic performance can fluctuate depending on the development stage of shoots evaluated and on environmental conditions such as temperature and humidity. Selection using molecular markers that identify a genotype can be done accurately with low cost and time expenditure, regardless of plant and environmental conditions. Some molecular markers associated with QTLs of fruit have been developed in some fruit crops in genomic studies (Graham et al., 2009; Kenis et al., 2008; Moriya et al., 2010; Quilot et al., 2004; Segura et al., 2009; Zhang et al., 2010) . Because important target traits such as fruit ripening time, fruit weight, and sugar content are quantitative, the fluctuation of phenotypic values with environmental conditions hinders the identification of useful molecular markers. The efficiency of detecting molecular markers associated with a target trait depends on broad-sense heritability in QTL analysis in addition to the genetic marker density on linkage maps (Ukai, 2000) .
Japanese pear (Pyrus pyrifolia) is an important fruit crop in Japan, ranking third in production after citrus and apple (Kanayama, 2006) . 'Kosui' and 'Hosui', released by the National Institute of Fruit Tree Science (NIFTS), are the current leading cultivars in Japan and occupy 65% of the total area of Japanese pear orchards in Japan (Tamura, 2006) . The Japanese pear breeding program, begun in 1909 (Kajiura and Sato, 1990) , continues to aim at developing new cultivars that ripen at various times with high productivity and fruit quality, low production costs, high disease resistance, and freedom from physiological disorders. One of the most important targets of the NIFTS Japanese pear breeding program is to develop superior early-ripening cultivars, which are currently lacking; most fruits are harvested after July in Japan.
Some useful DNA markers have been developed for Japanese pear breeding. S 4 sm -haplotype-specific DNA markers to identify self-compatibility (Okada et al., 2008) , a molecular marker associated with the pear scab resistance gene Vnk (Terakami et al., 2006) , and one associated with black spot disease (Terakami et al., 2007) facilitate breeding because genotypes for these traits are controlled by a single gene at a single locus.
NIFTS has constructed a genetic linkage map of Japanese pear from simple sequence repeat and amplified-fragment-length polymorphism markers (Iketani et al., 2001; Nishitani et al., 2009; Terakami et al., 2009; Yamamoto et al., 2007) .
So far, the effectiveness of detected QTLs and molecular markers associated with them has been often assessed by the percentages of the variance of the detected QTL effects accounting for the observed phenotypic population variance of the trait (Graham et al., 2009; Kenis et al., 2008; Moriya et al., 2010; Quilot et al., 2004; Segura et al., 2009; Zhang et al., 2010) . However, phenotypic variance contains both genetic and environmental variance components. The effectiveness of detected QTLs essentially depends on the percentage of the variance of the detected QTL effects accounting for the genetic variance of the trait. When molecular markers associated with the detected QTLs explain most of the genetic variance, the selection based on the molecular markers is very effective even if the percentage of the variance of the detected QTL effects accounting for the phenotypic variance is low. Therefore, it is needed to estimate the genetic variance for assessing the detected QTL effects. However, reports on molecular markers associated with QTLs in tree fruit breeding do not show the genetic variance (Graham et al., 2009; Kenis et al., 2008; Moriya et al., 2010; Quilot et al., 2004; Segura et al., 2009; Zhang et al., 2010) .
Genetic variance in tree fruit crops that are propagated vegetatively can be easily estimated by subtracting environmental variance from phenotypic variance. Environmental variance in a given field (orchard) comprises variance among years, among trees within a genotype, among fruit within a tree, the genotype · year interaction variance, and the tree · year interaction variance, all of which can be estimated from repeated measurements of replications of several genotypes (Hansche and Beres, 1966; Hansche and Brooks, 1965; Sato et al., 2000; Yamada et al., 1993 Yamada et al., , 2002 . Once accurate environmental variance components are obtained in the field, environmental variances under any numbers of replications and measurement repetitions can be estimated (Nyquist, 1991; Yamada et al., 1993 Yamada et al., , 2002 . Abe et al. (1993) reported a small environmental variance in fruit ripening date (FRD) of Japanese pear seedlings, but their experiment covered only 2 years, and they Received for publication 5 July 2011. Accepted for publication 6 Sept. 2011. This research owes a debt to the many persons involved in Japanese pear breeding at NIFTS. We are sincerely grateful for their efforts. 1 To whom reprint requests should be addressed; e-mail nishios@affrc.go.jp.
did not estimate the environmental variance components of the tree · year interaction or the tree and fruit effects.
The objective of our study was to obtain accurate estimates of the environmental variance components of FRD, which is usually used for practical phenotypic selection, as used in further studies assessing detecting QTLs, based on a large data set including several yearly repetitions. Environmental variance components have been obtained by analysis of variance (ANOVA) in many fruit crops (Hansche and Beres, 1966; Hansche and Brooks, 1965; Sato et al., 2000; Yamada et al., 1993 Yamada et al., , 2002 . We did the same here.
QTL analysis is often made using an offspring population from a cross (Graham et al., 2009; Kenis et al., 2008; Moriya et al., 2010; Quilot et al., 2004; Segura et al., 2009; Zhang et al., 2010) . Genetic variance can be estimated from estimates of environmental variance components in such a population. Therefore, we additionally estimated the genetic variance and heritability of FRD in a family (cross) using some F 1 full-sib families.
Materials and Methods
Expts. 1 and 2 used Japanese pear cultivar/ selection trees grown at NIFTS, Tsukuba, Japan. These trees were often used as the standards in evaluating the performance in offspring of Japanese pear cross-breeding, which fluctuates yearly. The trees ranged from 4 to 22 years old in 1993 and were maintained with cultural techniques used in commercial production in Japan (Tamura, 2006) : trained on horizontal trellises, pruned in winter, and treated for pests and diseases. Fruits were thinned to one per three fruit clusters in mid-May and harvested at their respective FRD during late July to October according to a color chart that indicates the optimum ground color for picking Japanese pear (Kajiura et al., 1975) . The optimum ground color for picking was determined by the time that fruit skin color in the calyx end changes from green to the color corresponding to plate 4 of the ground color chart. FRD was expressed as number of the days since 1 Jan.
Standard deviations (SDs) of the FRD for genotypes in each year for 20 randomly selected fruits from a single tree in each of 21 cultivars/selections for 7 years during 1993 to 2005 ranged stably from 17 to 20 d. Using the data, SDs of FRDs for years in each cultivar/ selection ranged from 2.6 to 8.7 d. Bartlett's test for both variances for genotypes in each year and variances for cultivars/selections in each year did not decline the homogeneity at P = 0.05. Those results suggested that the environmental variance in the NIFTS field did not change significantly with year or genotype.
Expt. 1: Estimation of variance among fruits within a tree (20 fruits · two trees · eight cultivars, 1 year)
The harvest dates (= FRD) of 20 randomly selected fruits from two trees of each of eight cultivars (Table 1) in 2005 were analyzed by ANOVA with the following random model. Variation among branches within a tree was neglected because cultural practices minimize this. The model for the phenotypic value of FRD (P1 ijk ) for the kth fruit of the jth tree of the ith genotype (cultivar or selection) is expressed as
where m1 = a constant value (the overall mean), g1 i = the genotypic effect of the ith genotype, t1 ij = the effect of the jth tree of the ith genotype, and f ijk = the effect of the kth fruit of the jth tree of the ith genotype.
Bartlett's test using raw data did not reject the homogeneity of variances within a tree at P = 0.05. ANOVA provided the variance among genotypes (s g1 2 ), among trees within a genotype (s t1 2 ), and among fruits within a tree (s f1 2 ).
Expt. 2: Estimation of variance among years, among trees, associated with genotype · year interaction, and associated with tree · year interaction (two trees · eight cultivars, 12 years)
The per-tree mean FRD values of 20 fruits from two trees of each of the eight cultivars used in Expt. 1 for 12 years (between 1993 and 2006) were analyzed by ANOVA. The random model for the phenotypic value of FRD (P2 ijk ) of the jth tree of the ith genotype in the kth year is
where m2 = a constant value (the overall mean), g2 i = the genotypic effect of the ith genotype, t2 ij = the effect of the jth tree of the ith genotype, y2 k = the effect of the kth year, ( gy2) ik = the interaction between the ith genotype and the kth year, and r2 ijk = the residual effect in the jth tree of the ith genotype in the kth year.
ANOVA provided the variance among genotype (s g2 2 ), among trees within a genotype (s t2 2 ), among years (s y2 2 ), associated with the genotype · year interaction (s gy2 2 ), and the residual (s r2 2 : composed of the variance associated with the tree · year interaction and 1/20 of the variance among fruits). Variance associated with tree · year interaction (s ty2 2 ) was estimated as s r2 2 -(s f1 2 /20). The distribution of the residual estimates was not significant at P = 0.05 by the one-sample Kolmogorov-Smirnov test (Campbell, 1974) , and it approached a normal distribution.
Incorporation of the environmental variance components estimated in Expts. 1 and 2. Choosing the estimates having the largest degrees of freedom (df)
Expt. 3: Estimation of genetic variance and heritability in a full-sib family from a cross The harvest dates (= FRD) in 2009 of five fruits of a total of 177 offspring population from three full-sib families were subjected to ANOVA in one-way classification with the factor of family. The population was composed of 60 offspring from 'Akiakari' · 'Taihaku', 65 offspring from 'Shinsei' · 'Akibae', and 52 offspring 'Shinsei' · 426-59 (a selection derived from 'Hosui', 'Niitaka', and 'Nijisseiki'). The FRD of each offspring was evaluated for five fruits in a single tree in 2009.
The ANOVA model for the phenotypic value of FRD (P3 ij ) of the jth offspring of the ith family (cross) is expressed as P3 ij = m3 + ðgf Þ i + ð poÞ ij where m3 = a constant value (the overall mean), (gf ) i = the genetic effect of the ith family (cross), and ( po) ij = the effect of the jth offspring of the ith family (cross).
Bartlett's test using raw data did not reject the homogeneity of variances within family at P = 0.05, meaning that within-family variance resulting from ( po) ij is homogeneous over families, and the within-family variance estimate obtained by ANOVA can be commonly used for the three families with a high df. ). The ( po) ij was composed of the genetic and environmental effect of the jth offspring of the ith family (cross): po ð Þ ij = go ð Þ ij + e ij where (go) ij = the genotypic effect of the jth offspring of the ith family (cross), and e ij = the environmental effect of the jth offspring of the ith family (cross).
All the data were obtained in a single year; therefore, no year effects as shown in the Expt. 2 model were assumed. The variance of e ij (s e 2 ) was composed of one-fifth of variance among fruits within tree (s f 2 ), variance among trees within genotype (s t 2 ), and variance associated with genotype · year interaction (s gy 2 ), and tree · year interaction (s ty 2 ). The genetic variance within a family (cross) (s go 2 ) was estimated as s po 2 -s e 2 . Broad-sense heritability in a family (cross) was estimated as (s go 2 /s po 2 ) commonly for the three families.
Results and Discussion
Expt. 1: Estimation of variance among fruits within a tree (20 fruits · two trees · eight cultivars, 1 year) ANOVA showed that the genotypic effect was highly significant, but the tree effect was not (P = 0.05; Table 2 ). s g1 2 = 393.5, s t1 2 = 1.6, and s f1 2 = 25.6. s g1 2 accounted for 94% of the total variance (s T1 2 ), because the FRD of the cultivars ranged widely from early August to mid-October.
Because the data covered a single year, s g1 2 was composed of the true genotypic variance over years (s g 2 ) and the variance associated with genotype · year interaction (s gy 2 ) in the Expt. 2 model. Likewise, s t1 2 was composed of the true among-trees variance over years (s t 2 ) and the variance associated with tree · year interaction (s ty 2 ). s t1 2 accounted for only 0.3% of s T1
2
. This very small value suggests that both among-tree variance and variance associated with the tree · year interaction are small. s f 2 had a large df (304) and therefore provides a reliable estimate of variance among fruits within a tree under the model. Expt. 2: Estimation of variance among years, among trees, associated with genotype · year interaction, and tree · year interaction (two trees · eight cultivars, 12 years) ANOVA showed that the effects of genotype, year, and genotype · year interaction were highly significant, but the tree effect was not (P = 0.05; Table 3 ). s g2 2 = 400.4, s y2 2 = 9.4, s gy2 2 = 7.9, s t2 2 = 0.2, and s r2 2 = 2.5. s g2 2 accounted for 95% of the total variance (s T2 2 ), because the FRD of the cultivars ranged widely, like in Expt. 1. s y2 2 accounted for only 2% of s T2 2 . Its df was 11, which is not large, but experiments over a dozen years are expensive and not easy. The year effect can be minimized by adjusting data statistically using the yearly deviation of control cultivars evaluated every year (Bell and Janick, 1990; Hansche and Brooks, 1965; Yamada et al., 1994) . The small year-effect variance obtained here suggests that the efficiency of adjusting the year effect is not high. s gy2 2 also accounted for only 2% of s T1 2 . It had a large df (77).
s r2 2 is composed of the variance associated with tree · year interaction (s ty2
2 ) and 1/20 of the variance among fruits within a tree. Because 1/20 of s f1 2 (25.6, Expt. 1) was estimated at 1.3, s ty2 2 was estimated at 1.2 (s r2 2 -1.3). s t2 2 gives an estimate of the true variance among trees within a genotype. It was very small. The estimate of s t1 2 obtained in Expt. 1 is composed of the variance associated with the tree · year interaction and the variance among trees within a genotype. The latter can be estimated as s t1 2 (1.6) -s ty2 2 (1.2) = 0.4, close to the value of s t2 2 (0.2) obtained here in Expt. 2.
Incorporation of the environmental variance components estimated in Expts. 1 and 2 and confidence limits of a genotypic value based on those estimates. Incorporating the results of Expts. 1 and 2 gave s y 2 = 9.4, s gy 2 = 7.9, s t 2 = 0.2, s ty 2 = 1.2, and s f 2 = 25.6 (Table  4) . This applies to the evaluation with one fruit on a single tree in a single year. Genetic variance (s g 2 ) was estimated by s g2 2 (400.4). The percentage of the genetic variance was very large (90%), meaning that genetic differences can be easily distinguished among the eight cultivars having a wide genetic variation.
Generally, environmental variance under a given evaluation repetition was estimated as fðs t =tÞg, where n is the number of fruits evaluated on a tree, t is the number of trees evaluated, and y is the number of years.
The largest environmental variance component was the variance among fruit (s f 2 ), which accounted for 58% of the total environmental variance. Therefore, increasing the number of fruits evaluated is the most effective way to increase the accuracy in estimating the genotypic value of a genotype or cross-seedling.
Tree replication and yearly repetitions are costly, and primary or preliminary selection in practical breeding is commonly based on the evaluation of 10 fruits on a single tree in a year.
The FRD 95% confidence interval of a genotypic value of a cultivar or selection using a single tree is
where n is the number of fruits evaluated on a tree and y is the number of years. It is assumed that fruit on the same tree are evaluated every year and that the distribution is normal.
Yearly repetition decreases the environmental variance associated with s f 2 , s ty 2 , s gy 2 , and s y 2 but does not reduce s t 2 . To reduce s t 2 , tree replication is required. However, the value of s t 2 obtained here was negligible, and replicating trees needs a large area and high costs, so tree replication is not necessary for evaluating FRD.
The confident limits illustrated in Figure 1 show that evaluations with more than five fruits are not efficient in decreasing environmental error further. The 95% confidence limit of a genotypic value was ± 10 d in the evaluation of five fruits on a single tree in a year and ± 7 d over 2 years. Although yearly NS, **Nonsignificant at P # 0.05 or significant at P # 0.01, respectively, using the F test. repetition is expensive and not easy, it is effective in decreasing the environmental variance associated with s ty 2 , s gy 2 , and s y 2 . These results are thus useful in determining optimum sample sizes and replications both in practical phenotypic selection and in QTL analysis. Those estimates seem to be useful except for the population genetically far different from the genotypes used in the present study. The secondary and ultimate selection after primary selection at NIFTS is made in a national trial, testing the performance of the selections in 30 locations. The efficiency of the secondary selection depends on environmental variance associated with genotype · location and should be elucidated in further studies, although we estimated the variance was not large (unpublished data).
Expt. 3: Estimation of genetic variance and heritability in a full-sib family from a cross ANOVA showed that the genetic effect of family was highly significant (P = 0.01; 2 is estimated at 76.4, and broad-sense heritability increases to 0.92. However, selection in practical breeding is generally made in another year, and selected genotypes are grown in other years; therefore, the effect of genotype should be defined as the true genotype effect, excluding the genotype · year interaction.
The datum (value) in each offspring contains the tree effect and the tree · year interaction adding to the genotypic effect and the genotype · year interaction because each offspring has no tree replicates. Offspring population with no tree replications from a cross is common in QTL analysis. Generally, both the tree effect and the tree · year interaction are independent from the presence of the marker. If the tree effect and the tree · year interaction are large, it may not be easy to detect the marker effect in QTL analysis. Here, however, the effects of those factors are small in Japanese pear FRD.
Using environmental variance components in the same way, we can easily estimate genetic variances and heritabilities for any families subjected to QTL analysis under a given evaluation repetition in the NIFTS breeding field. Thus, the effectiveness of molecular markers associated with detected QTLs can be determined as the percentage that the markers explain in the genetic variance instead of in the phenotypic variance.
The efficiency of detecting molecular markers associated with a target trait depends on its broad-sense heritability in QTL analysis. QTL analysis for FRD can be effective in the NIFTS fields, because we obtained high heritability for a family with a small number of evaluation repetitions. 
